A predictive discomfort measure considering the combined neck and trunk is introduced in this work and compared with the seat-to-head transmissibility and subjective reported discomfort due to fore-aft whole-body vibration of seated subjects under two sitting postures. Five subjects were tested using discrete sinusoidal frequencies in the range of 0.5-12 Hz. All files were run at a constant acceleration of 0.8 m/s 2 . The subjects were tested with back support and without back support, and their subjective discomfort measure was reported based on the Borg CR-10 scale. The results have demonstrated that the predictive discomfort was invulnerable to the measurement locations and has shown consistency with the subjective discomfort for both sitting conditions. The seatto-head transmissibility showed less consistency with the subjective discomfort and was sensitive to the locations of the output point on the head and to the components of the motion included in the transmissibility calculation at these locations.
INTRODUCTION
Seat-to-head transmissibility (STHT) is a widely used biomechanical measure in whole-body vibration (WBV) for the quantification of energy through the system and as an objective indicator for vehicle-ride discomfort [3, 8, 10, 24] . With STHT, there is generally uncertainty associated with the location of the output point on the head. Paddan and Griffin [16] noticed a change in the seat-to-head transmissibility magnitude when they used different locations of the output point on the head along the vertical direction of the head. The seat-to-head transmissibility contains another uncertainty in the way people calculate it. In a comprehensive study on transmissibility, Paddan and Griffin [17] calculated the seat-to-head transmissibility using only a single motion component (for example, the fore-aft) of the output point on the head and a single-input motion component (fore-aft) on the seat. Other researchers, such as Wang et al. [24] , used the norm of the motion (fore-aft, lateral, and vertical) at the output point on the head and a single direction motion of the seat to calculate the STHT.
In spite of the tremendous work that has been done on collecting data on the STHT, the discrepancies in the locations of the output point on the head and the manner in which the STHT is calculated do not allow data to be compared easily across labs [17] .
Many authors would agree that whole-body musculoskeletal-discomfort is correlated with the severity of the motion at the different joints and with body-posture [12, 13, 25] , with the neck and trunk segments being two of the major sources of discomfort and potential for long-term injury for seated people in WBV [2, 5, 11, 21, 22] . Therefore, the development of a discomfort measure in the area of seated WBV should consider the effect of body posture and should include the discomfort associated with the body joints, with the latter including the neck and trunk regions at the least.
In this work, a biomechanically based predictive discomfort measure [18] is extended for the evaluation of discomfort for multiple joints with the focus on the neck and trunk joint discomfort during fore-aft discrete sinusoidal WBV. The predictive discomfort measure is less vulnerable to measurement locations and was compared with subjective reported discomfort and with the STHT considering two sitting postures.
METHODS

1 Participants
Five healthy male subjects with a mean age of 24 years (ranging from 19-29 years), a mean stature of 188 cm (ranging from 180-196 cm), and a mean body mass of 84.5 kg (ranging from 71-98 kg) were recruited. Written informed consent, as approved by the University of Iowa Institutional Review Board, was obtained prior to testing.
Experiments
Subjects were seated in an uncushioned, rigid seat mounted to a vibration platform ( Fig. 1 ). Two sitting postures were considered, one with the subject sitting in a standard posture supported by the seat back, and the second in a forward unsupported upright posture. For both postures the subjects' hands were kept in their laps. Vibrations of 15 second duration were generated using a six-degree-offreedom man-rated vibration platform (Moog-FCS, Ann Arbor, MI, USA). Signals with constant unweighted RMS accelerations with a magnitude of 0.8 m/s 2 were tested. Discrete sinusoidal frequencies of 0.5, 1, 1.5, 2, 2.5, 3, 3.5, 4, 4.5, 5, 5.5, 6, 7, 8, 9, 10, and 12 Hz were chosen and randomized. Twelve 0.3 megapixel Vicon SV (Vicon, Los Angeles, CA, USA) cameras with a sampling rate of 200 frames per second were used in tracking the motion [20] . Predictive discomfort and seat-to-head transmissibility in low-frequency fore-aft whole-body vibration
Motion Capture Setup
Twelve Vicon motion capture cameras were used in the data collection to track the motion of the head, neck, upper trunk, pelvis, and seat using similar methodology as Rahmatalla et al. [20] . Data were acquired at 200 samples per second. Reflective markers were adhered to the subject's skin using medical-grade double-sided tape. A head-mounted halo was worn by the subjects and fitted with four head markers. The head-mounted motion capture reflective markers were attached superiorly and laterally to each eyebrow and the back of the head, one on each side. Additionally, markers were placed on the skin overlaying the C7 vertebra, the shoulders, the clavicle, the pelvis, and the frame of the seat to measure the relative motions between segments. The markers mounted to the head-worn halo were used to define the head segment. Additional redundant makers were placed on each subject and were not used in this work.
Velocity and Acceleration
Once the marker position data were collected and appropriately low-pass filtered, the data were used to calculate the velocity and acceleration by differentiation of the continuous positional data. The filtering process was achieved by applying an eighth-order Butterworth filter in both directions to achieve zero lag. A cut-off frequency of 14 Hz was applied to all time-position segments. Motion capture data has been shown to be very reliable when correctly low-pass filtered. A program in MATLAB was written to use a 5-point central difference method to approximate the differential of the position data to obtain realistic velocity data. The velocity data were then transformed by the same method to angular and linear acceleration data. After two seconds the subject was assumed to be at a steady state response and the root-mean-square values (RMS) of each acceleration signal were calculated.
Subjective Reported Discomfort
In each frequency test, the subjects reported their whole-body discomfort using the Borg CR-10 scale [1] . The Borg CR-10 scale ranges from 0 to 10, with higher values indicating higher relative discomfort. The subjects were exposed to 15 seconds of vibration at each frequency and experienced a 5 second resting period between tests. This duration is acceptable as found by Dickey et al. [4] . The subjects rated their perceived discomfort during vibration by comparing it with their perception during the resting period. The reported discomfort was normalized by the method used by Hwang and Yoon [9] :
where, ND is the normalized discomfort and RD is the reported discomfort. The normalization of the subjective data ensured that while some subjects may have tendencies to give overall higher or lower responses, general trends can be found. Once subject data were normalized by the above method, the subjects' discomfort responses were averaged for each discrete frequency and posture.
Seat-to-head transmissibility
Seat-to-head transmissibility is a widely used biomechanical measure in WBV for the quantification of energy through the system [3, 8, 10, 24, 26] . It is defined as the complex ratio between the cross-spectral density of the input seat horizontal acceleration and the output head acceleration S hs (jw) divided by the auto-spectral density of the input horizontal seat acceleration S ss (jw).
The STHT normally shows significant increase when resonance is occurring. For discrete frequency rides, such as those involved in this work, the STHT was computed in the time domain as the RMS of the output head-acceleration divided by the RMS of the input seat-acceleration. With transmissibility, there is general uncertainty associated with the location of the output point on the head and also to which motion components are to be used as the output accelerations. These discrepancies were evaluated and compared with the predictive discomfort measure presented in this work.
Predictive Discomfort
A single joint predictive discomfort considering the neck-joint was presented by Rahmatalla and DeShaw [8] and was of the following form:
where (3) and q U is the joint's upper limit, q L is the joint's lower limit, q N is the joint neutral position, G × QU is a penalty term associated with joint values that approach their upper passive limits (eqn. 4), and G × QL is a penalty term associated with joint values that approach their lower passive limits (eqn. 5). Each penalty term varies between zero and G = 10 6 [15, 19] .
The last term ∆q .. i represents the angular acceleration of the joint. This work generalizes eqn. (2) to include the discomfort of multiple joints as shown in eqn. (6) . (6) where j represents the number of joints under consideration, and w i and a i are weights of the joint's discomfort reflecting the contribution from that joint to the whole-body discomfort. Due to their major role in discomfort in sitting positions, the neck and trunk joints are considered in this work as the two main sources of discomfort. The magnitude weightings used for w i and a i were used based on equal weighting for the neck and trunk.
RESULTS
For the unsupported-back condition, Fig. 2 shows the mean subjective reported ratings based on the Borg CR-10 scale and the mean neck and mean trunk predicted discomfort. These values were then averaged and normalized according to their maximums. The mean subjective reported discomfort curve showed a peak around 2-3 Hz. The predicted neck discomfort curve followed a similar trend to that of the reported discomfort and showed a peak around 2.5 Hz. The predicted trunk discomfort showed similar characteristics but was higher than the predicted neck discomfort for all frequencies except for those between 3-4 Hz.
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Comparison of Predicted Discomfort and Reported Discomfort for Unsupported-Backrest Condition
For the supported back position, the peak in the reported subjective discomfort (Fig.  3 ) was shifted to 3.5-6 Hz and descended after that. The predicted neck discomfort showed peaks around 3.5 Hz and descended after that. The predicted trunk discomfort showed peaks between 3.5-5 Hz in a trend similar to that of the predicted discomfort. For frequencies above 7 Hz, the neck discomfort was higher than the trunk discomfort. The combined predicted discomfort calculated as a weighted sum of the neck and the trunk discomfort for the unsupported-back conditions is shown in Fig. 4 . As can be seen from the figure, the combined predictive discomfort curve more closely followed the subjective reported curve, with a dominant peak around 2.5 Hz. However, the combined discomfort showed lower values for frequencies above 6 Hz. For the supported-back position (Fig. 5 ), the combined predicted discomfort showed a peak around 3-3.5 Hz and closely followed the subjective reported discomfort after that, except for the period between 6-7 Hz. In order to evaluate the true relationship between the predictive discomfort and the subjective discomfort, each was compared on an absolute scale with no normalization procedures. The coefficient of determination (R 2 ) found for each condition was evaluated as shown in Fig. 6 . The coefficient of determination (R 2 ) was 0.739 for the unsupported-backrest condition and 0.323 for the supportedbackrest condition. Predictive discomfort and seat-to-head transmissibility in low-frequency fore-aft whole-body vibration the back of the head. The points on the front of the head showed the highest magnitudes for both T x-xyz and T x-x . For the supported-back condition (Fig. 7) , the STHT showed obvious different characteristics between T x-x , with T x-xyz being higher for all points under investigation. For both back-support conditions shown in Fig. 7 and Fig. 8 , and regardless of the location of the points on the head or the calculation methods used to calculate STHT, the transmissibility showed higher magnitudes below 2 Hz than the subjective reported discomfort. After 2 Hz, the transmissibility for the unsupportedback condition showed good agreement with the subjective reported discomfort. The coefficient of determination between the transmissibility and the average subjective discomfort was not correlated for T x-x and ranged from 0.090 to 0.434 for T x-xyz , depending on the head point selection, with the front-of-the-head point having the best relationship. For the supported-back condition, the transmissibility T x-x was not able to capture the peak characteristics of the subjective reported discomfort; however, the transmissibility T x-xyz showed more comparable trends with the subjective reported discomfort. While these general trends were somewhat better, the best correlation with the subjective reported discomfort came from the the transmissibility T x-xyz based upon the-front-of-the-head point with a coefficient of determination of only 0.196.
DISCUSSION
The objective of this work was to develop a predictive discomfort in WBV that can deal with discomfort occurring at different joints and to show its invulnerability to the location of the measurement point on the head. The predictive discomfort measure has the benefit of overcoming the discrepancies in the STHT due to different practices in various labs. The proposed predictive discomfort comprises four components. The first component captures the effect of posture on discomfort. This component has zero effect when the joint is in its neutral position, but will contribute to discomfort with non-neutral postures. A previous study [18] on the effect of non-neutral head-neck postures in fore-aft WBV showed the head-down posture, for example, head higher subjective and predictive discomfort than a neutral posture. In this work, the subjects took postures close to their neutral positions, so the magnitude of the first component was zero. The second and third components generate peaks in discomfort when the joint reaches its physiological upper or lower limits. Again, in this work, the data have shown that the subjects never reached their upper or lower joint limits, so the second and the third parts were equal to zero. The fourth part quantifies discomfort as a measure of the severity of the relative angular motion represented by the angular acceleration at the neck and trunk joints. The proposed predictive discomfort was tested and compared with the subjective reported discomfort and seat-to-head transmissibility under fore-aft WBV considering two sitting postures-supported-back and unsupported-back conditions. The study considered discrete ride files covering frequencies 0.5, 1, 1.5, 2, 2.5, 3, 3.5, 4, 4.5, 5, 5.5, 6, 7, 8, 9, 10, and 12 Hz.
As shown in Figs. 2-3 , the subjective reported discomfort for the unsupportedand supported-back conditions have shown similar characteristics to those reported in the literature [14, 23] , especially for the locations of the peak discomfort. The subjective reported discomfort has captured the effect of the seatback on discomfort, where the peak discomfort was shifted from 2-3 Hz for the unsupported-back condition (Fig. 2) to around 3.5-6 Hz for the supported-back condition (Fig. 3) . The combined predictive discomfort for the neck and trunk regions showed peaks around 2.5 Hz for the unsupported-back condition ( Fig. 4 ) and then shifted to 3-3.5 Hz for the supported-back conditions (Fig. 5) , which follows the shift in the trend of the subjective reported discomfort when comparing the two postures.
The combined discomfort of the neck and trunk for the unsupported-and supported-back conditions ( Fig. 4 and Fig. 5 ) showed good agreement with the subjective reported discomfort in terms of the location of the first peak and the general trend over the frequency range under consideration. The combined discomfort was also able to capture the shift in the first peak due to the back support in a way consistent with that of the subjective-reported discomfort. It should be mentioned here that the neck and trunk discomfort were equally weighted and combined based on the work of Genaidy and Karwowski [6] .
The STHT T x-x and T x-xyz calculated at different locations on the head showed similar general trends for the unsupported-back condition (Fig. 7) , but showed much less correlation with the subjective reported discomfort than the predictive discomfort measure had with the subjective reported discomfort. The coefficient of determination (R 2 ) for the STHT ranged from 0.090 to 0.434, depending on the head point selection, whereas the predictive discomfort measure had an R 2 value of 0.739 for the unsupported-backrest condition. This could be attributed to the dependence of the predictive discomfort on the angular motion that is invulnerable to the location of the point on the head. Therefore, one suggestion to circumvent the difference of the location on the head in different studies is to use the angular Predictive discomfort and seat-to-head transmissibility in low-frequency fore-aft whole-body vibration component of the output motion instead of the transitional ones when calculating transmissibility and discomfort measures.
For the supported-backrest condition, the STHT T x-x (Fig. 8 ) did not follow the subjective reported discomfort; however transmissibility T x-xyz followed the general trends. While the general trend was followed there was still much less correlation with the subjective reported discomfort than the predictive discomfort measure had with the subjective reported discomfort. The coefficient of determination (R 2 ) ranged from no correlation to 0.196 depending on the head point selection where as the predictive discomfort measure had an R 2 value of 0.323 for the supportedbackrest condition.
While applied to a single fore-aft direction, this work has demonstrated the discrepancies in the results of the STHT, which depend on how the transmissibility is calculated and on the locations of the output point on the head [7] . While Paddan and Griffin [16] investigated the effect of the locations of the point along the vertical direction of the head, this work showed that the STHT is also sensitive to the locations of the point of the head along the fore-aft direction, which could be due to the pitch motion of the head relative to the neck. Due to its dependency on the angular parameters, the proposed discomfort is expected to be less sensitive to the locations of the sensors and therefore, easily reproduced. The STHT demonstrated discrepancies when compared to the subjective reported discomfort. This is because STHT is sensitive to the locations of the output point on the head and to the number of head-motion components used in its calculation.
CONCLUSION
A predictive discomfort for the combined neck and trunk in fore-aft WBV is introduced in this work. The proposed discomfort quantifies whole-body musculoskeletal discomfort considering body posture, closeness of the joints to their limits, and severity of the angular acceleration at the joints. The proposed predictive discomfort captured the trend of the subjective reported discomfort and showed good potential to capture the effect of two seated postures: the unsupported-and supported-back conditions.
The major contributions of the proposed predictive discomfort, as the results showed, are: (i) it is dependent on the resulting angular motion of the segments, so it is less sensitive to the location of the sensors on the head and could be reproduced in different locations; and (ii) it can deal with postures and boundary conditions as presented in this work. Therefore, the proposed predictive discomfort has the potential to be used and shared by different labs. With advances in computer modeling, the proposed predictive discomfort may provide efficient ways to assess discomfort in complicated environments and to develop reliable biodynamic models for design of equipment inside moving vehicles. The current study focused on the discomfort considering the weighted sum of the neck and trunk regions, but this could be expanded to add any number of segments of the body.
